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Abstract 
A new battery material that is composed of polyglycidol and a redox-active anthraquinone unit (AQ) was prepared and was then 
used as a positive electrode for lithium ion batteries. Polyglycidol (pGD) is a bio-based polymer that is derived from the waste 
glycerin that is discarded during bio-diesel processing. The pGD-AQ electrode has a potential plateau at 2.3 V vs. Li+/Li, and a 
discharge potential that decreased gradually with a capacity of 139 mAh g-1. The cycle-life stability of pGD-AQ is better than 
that of chloroanthraquinone, which was used as a reference material. A higher AQ skeleton incorporation rate into pGD leads to a 
higher battery capacity. These results show that the incorporation of the AQ unit into the polymer is an effective way to improve 
battery performance in terms of both capacity and cycle-life stability. 
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1. Introduction 
The demand for rechargeable lithium ion batteries is increasing with the widespread use of portable electronic 
devices. Current lithium ion batteries contain minor metals such as cobalt and nickel in their positive electrodes. 
From the perspectives of both resource availability and cost problems, alternative material options to replace these 
minor metals are strongly desired. The use of redox-active organic materials for the positive electrode is one 
promising way to overcome these problems [1–3]. 
In our previous study, we reported the use of quinone-based materials as minor metal-free positive electrodes that 
can lead to high discharge capacities because of their multi-electron redox properties [4–7]. Several low-molecular-
weight quinone-based materials, including benzoquinone, anthraquinone and pentacenetetrone, were studied, and it 
was found that their discharge capacities tended to decrease upon cycling [5–7]. The main cause of these falls in 
capacity is considered to be dissolution of the active material in the electrolyte solution. 
Incorporation of the redox active unit into the insoluble polymer matrix is one approach that has been used to 
improve the cycling stability of organic active materials. For example, a polyacrylate-based active material that 
shows relatively high capacity and good cycling stability has been reported in the literature [8]. 
Another approach that is currently under study involves the use of bio-based products as raw materials. The 
utilization of naturally-derived compounds can also reduce the resource risks caused by a dependence on petroleum. 
In this study, we report on the synthesis and the battery performance of a new electrode material composed of 
polyglycidol and anthraquinone. Polyglycidol is one of the bio-based polymer materials that can be prepared from 
the waste glycerin that is discarded during bio-diesel processing. The effects of incorporation of the active material 
into the polymer matrix on the battery performance are also discussed. 
 
2. Experimental 
2.1. Materials 
All chemicals and solvents used were of the highest grade obtainable, and were used without any further 
purification. 2-Chloroanthraquinone (Cl-AQ) and 1-methyl-2-pyrrolidone (NMP) were purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). Magnesium ethoxide, tetraphenyl tin, tin(II) 2-ethylhexanoate, and 
dimethyl sulfoxide (DMSO) were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). Lithium bis(trifluoro 
methanesulfonyl)imide (LiTFSI), γ-butyrolactone (GBL) and triethylene glycol dimethyl ether (3EG) were obtained 
from Kishida Chemical Co., Ltd. (Osaka, Japan). 
2.2. Synthesis of polyglycidol (Scheme 1, step 1) 
Polyglycidol (pGD) was prepared via the ring-opening reaction of glycidol (Wako Pure Chemical Industries, Ltd., 
Japan) using a catalyst. In a typical experiment, a mixture of glycidol (20 g) and the catalyst (1 mol%) was placed in 
a round-bottomed flask equipped with a condenser. The mixture was then heated in an oil bath while stirring for one 
week. The reaction mixture was cooled to room temperature and was then dissolved in methanol before being 
reprecipitated using acetonitrile to give the crude polymeric product. The crude product was then washed three times 
with acetonitrile and was dried at 50°C under reduced pressure conditions. 
2.3. Synthesis of active materials (Scheme 1, steps 2 and 3) 
The anthraquinone unit was incorporated into pGD by following the Williamson synthesis procedure. In a typical 
experiment, pGD and sodium metal were placed into a round-bottomed flask with a solvent, and the mixture was 
stirred continuously at room temperature until no hydrogen gas was evolved. The solution became dark brown in 
color with increasing time on-stream, and then Cl-AQ was added, before the resulting mixture was stirred for 5 h. 
The crude mixture was purified by washing three times with an appropriate solvent. The target product was finally 
obtained after drying under reduced pressure at 100°C for 3 h. 
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Scheme 1. Synthesis procedure for pGD-AQ. 
2.4. Characterization of samples 
The molecular weights (number average Mn and weight average Mw) of the samples were estimated by gel 
permeation chromatography (GPC) with a column of Shodex® OHpak SB-2003 (20 mmID × 300 mmL) using 
polyethyleneglycols (ranging from 102 to 105 g mol-1) as the polymer standards. The 1H-NMR spectra were recorded 
using a JNM-ECA-500 spectrometer (JEOL, Japan) (500 MHz for 1H) at room temperature in DMSO-d6, with 
tetramethyl silane as the internal standard. 
2.5. Preparation of electrodes and cells 
The Cl-AQ electrode sheet was prepared by mixing a powder of the active material with acetylene black as a 
conductive additive and polytetrafluoroethylene as the binder with a weight ratio of 4:5:1 in a mortar. The sheet was 
then pressed onto a mesh-type aluminum current collector and dried. 
The pGD and pGD-AQ electrodes were prepared by coating the current collector with the slurry that contained 
the active material, acetylene black and polyvinylidene fluoride as the binder in NMP with the 4:5:1 weight ratio. 
The NMP was removed completely before preparation of the cell. The amount of active material present was 
approximately 2 mg per electrode. 
The prepared positive electrode and a lithium metal negative electrode were placed in an IEC R2032 coin-type 
cell case with a glass filter used as a separator. After addition of the electrolyte solution (1.0 M LiTFSI in 3EG, 0.2 
mL), the cell case was sealed. 
2.6. Battery test 
The prepared coin-type cells were galvanostatically discharged at a current density of 20 mA g-1 for the active 
materials with a cut-off potential of 1.5 V vs. Li+/Li, and they were galvanostatically charged at the same current 
density with a cut-off potential of 3.0 V vs. Li+/Li. The charge/discharge test was performed using a computer-
controlled system (ABE System, Electrofield) equipped with a thermostatic chamber at 30°C. In this study, the 
obtained capacities are expressed per unit mass of active material contained in the positive electrode. 
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3. Results and discussion 
3.1. Synthesis 
The pGD-AQ synthesis route is depicted in Scheme 1. In the first step, glycidol was polymerized under various 
reaction conditions, as shown in Table 1. The pGDs that were obtained were barely soluble in GBL or 3EG. The 
hydroxy groups in pGD were transformed into alkoxides by Li, Na, or EtONa. The reaction of these alkoxides with 
Cl-AQ produced the target material pGD-AQ, in which the AQ skeletons were bound to the pGD by an ether 
linkage. 
The properties of pGD and pGD-AQ are summarized in Tables 1 and 2, respectively. The Mn values for pGD 
ranged from 5.4×102 to 61×102 g mol-1, depending on the catalyst. According to the 1H-NMR measurements for 
pGD-AQ, the peaks that were observed at δ2.7–4.0 ppm and δ7.7–8.4 ppm can be assigned to the hydrogen atoms in 
the -CH2-CH2-O- unit in pGD and those in the AQ skeleton, respectively. Multiple broad peaks were observed at 
δ4.3–4.9 ppm for the unreacted hydroxy groups in pGD. The incorporation rate (α) of the AQ skeletons in pGD-AQ 
was estimated via equation (1) using the peak area (A): 
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where A[δ2.7–4.0] and A[δ7.7–8.4] represent the peak areas of the hydrogen atoms in pGD and in the AQ skeleton, 
respectively, and their values can be estimated by integration under each peak. 
As shown in Table 2, the α values that were determined were unexpectedly low, meaning that the reaction of 
pGD and Cl-AQ did not proceed sufficiently under these reaction conditions. These aspects are described in detail in 
section 3.4. 
 
   Table 1. GPC analysis of pGDs prepared under different conditions. 
entry catalyst temp. 
(°C) 
Mn 
(× 102) 
Mw 
(× 103) 
Mw/ 
Mn 
a Ph4Sn 135 10 2.2 2.1 
b Mg(OEt)2 070 61 10 1.7 
c (C8H15O2)2Sn 135 5.4 1.6 3.0 
3.2. Initial discharge behavior 
Figure 1 compares the first discharge curves of the positive electrodes that were prepared using Cl-AQ and pGD-
AQ (Table 2, Entry 3). The electrodes using Cl-AQ show a discharge curve consisting of two plateau potential 
regions at approximately 2.4 V and 2.2 V vs. Li+/Li with a discharge capacity of 182 mAh g-1. This behavior is 
believed to be the two-step redox reaction of Cl-AQ. In contrast, the electrode using pGD-AQ (Entry 3) shows 
complex behavior: it has a plateau at 2.3 V vs. Li+/Li during an early discharge process (0–40 mAh g-1); however, 
this discharge potential decreases gradually and reaches the cut-off potential with a total capacity of 139 mAh g-1. 
 
Table 2. Reaction conditions for synthesis of the pGD-AQs. 
Entry Polymer 
Reagent 
(equiv.) 
Solvent Additive 
Step 2 Step 3 α 
(%) T (°C) Time (h) T (°C) Time (h) 
1 a Li iiiii i(1.2) DMSO -00 RT         5     80        5      - 
  2* a Na iiiii (5.0) DMSO -00 RT         5     80        5      - 
3 a EtONa (1.2) NMP NaI 100        20     180        60      33 
4 b EtONa (1.2) NMP NaI 100        20     180        60      33 
5 c EtONa (1.2) NMP NaI 100        20     180        60      32 
* GBL was used as the electrolyte solvent. 
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Fig. 1. First discharge curves of the electrodes prepared using Fig. 2. Cycle-life performances of the prepared electrodes 
Cl-AQ (---) and pGD-AQ (3) (―). Current density: 20 mA g−1; (Cl-AQ: ○, pGD-AQ (1): ♦, pGD-AQ (2): ▲, and pGD-AQ  
potential range: 1.5–3.0 V vs. Li+/Li; temperature: 30°C.  (3): ■). Current density: 20 mA g−1; potential range: 1.5– 
       3.0 V vs. Li+/Li; temperature: 30°C. 
3.3. Cycle-life performance 
The cycle-life properties of the electrodes prepared using pGD-AQs are shown in Figure 2. The capacity of the 
electrode prepared using Cl-AQ decays rapidly upon cycling. The capacity finally decreases to 15 mAh g-1 after 100 
cycles. In contrast, the electrodes prepared using pGD-AQs (Table 2, Entries 1, 2, and 3) maintain their capacities 
even after 100 cycles, although the initial capacities do drop rapidly in the early cycles. The main factor in this 
decrease in capacity is thought to be dissolution of the active material in the electrolyte solution, as described earlier 
[7]. The good cycle-life performance of pGD-AQs (Entries 2, 3, 4, and 5) indicates that the polyglycidol chain is 
insoluble in the solvent, which thus suppresses the unwanted dissolution and contributes to the cycle-life stability of 
the active material. Notably, the various pGD-AQs show different discharge capacities depending upon the reaction 
conditions under which they were prepared (see Table 2). These differences in their discharge capacities may 
originate from the numbers of activated hydroxy groups. For example, the discharge capacity of the pGD-AQ that 
was prepared using sodium (Entry 2), which can react rapidly with hydroxy groups, is higher than that of the pGD-
AQ that was prepared using lithium (Entry 1). The pGD-AQs (Entries 3, 4 and 5) that were prepared using different 
polymers show similar cycle-life performances, indicating that the molecular weight of pGD does not affect the 
cycle-life stability (the results are not shown here). 
Fig. 3. Correlation diagram of α with the ratio of the 10th discharge capacity to the theoretical capacity. 
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3.4. Relationship between D and the battery performance 
As mentioned earlier, the rate α corresponds to the number of AQ skeletons that are incorporated in pGD, and 
thus the battery performance is considered to be strongly affected by the α of the pGD-AQ. Figure 3 shows the 
relationship between α and the 10th discharge capacity for the various pGD-AQs. The theoretical capacity of pGD-
AQ is 191 mAh g-1 if α is 100%. Clearly, α is correlated to the battery performance, and higher incorporation rates 
lead to higher 10th discharge capacities. This result indicates that further increases in the discharge capacity of pGD-
AQ can be expected when preparing pGD-AQ with higher AQ skeleton contents. 
4. Conclusions 
In this study, we successfully prepared a new bio-based battery material using pGD and AQ. The electrode that 
was prepared using pGD-AQ (Entry 3) shows a potential plateau at 2.3 V vs. Li+/Li, and the discharge potential 
decreases gradually with a total capacity of 139 mAh g-1. The pGD-AQs (Entries 2, 3, 4, and 5) show good cycle-
life stabilities when compared with that of Cl-AQ. The improved electrochemical performance may stem from the 
low solubility of pGD-AQ in the electrolyte solution. The cycle-life stability thus does not depend on the molecular 
weight of the polymer matrix. 
A clear correlation is observed between the incorporation rate (α) of the AQ skeletons into the pGD and the 
battery performance. Better battery performance is expected if pGD-AQ with a higher α is available. 
This study revealed that incorporation of the active material into the polymer is an effective way to improve the 
cycle-life stability of the material. Our results will contribute to the development of new organic active materials 
with long lifetimes, and will also contribute to the utilization of biomass resources. 
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